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Lateral spin valves with the separation between the spin injector and spin 
detector ranging from 160nm to 450nm were successfully fabricated. Spin-dependent 
transport properties such as the spin relaxation length and spin injection polarization 
were also studied for copper and aluminum.   
 Different types of lateral spin valve geometries were fabricated and 
characterized and an optimum geometry which showed good switching characteristics 
and large spin injection efficiency was developed.  
 A systematic study of the switching processes for the individual injector and 
detector electrodes was carried out using a combination of anisotropic measurements 
as well as magnetic force imaging and micromagnetic simulations.  
 The geometrical effect of the probe configuration on the spin accumulation 
signal was investigated in order to maximize the detected spin signal. We showed that 
the local spin valve measurements yielded a larger signal than the non-local spin 
valve configuration. However, the local spin valve signal included anisotropic 
magnetoresistance effects from the injector and detector electrodes, which means that 
it is not a pure spin accumulation signal. We were able to use the non-local spin valve 
configuration to separate the spin and the charge current and hence remove irrelevant 
magnetoresistance changes.  
 For the non-local measurements, we investigated two kinds of probe 
geometries, namely the ‘half’ and the ‘cross’ geometry. We were able to obtain a 
larger spin accumulation signal for the ‘half’ geometry due to the spatial distribution 
of the spin current. A temperature dependent study was also performed for both 
vii 
geometries and we found the difference in the magnitude of the spin signal to be more 
pronounced at low temperatures.  
 Non-local measurements were performed for different separations between the 
spin injector and detector in order to study the spin relaxation lengths in copper and 
aluminum.  The spin relaxation lengths of copper and aluminum at 20 K were found 
to be 2 µm and 300nm, respectively. The long spin relaxation length obtained for 
copper is attributed to the high purity of our copper deposition source. A high spin 
injection polarization of 8.1 % was also obtained for our lateral spin valve structure 
due to the presence of a tunnel barrier which we identified to be iron oxide from our 
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In the last decade, there has been significant interest in the magnetic and 
transport properties of ferromagnetic mesostructures both from fundamental and 
application viewpoints. This increasing interest is due to advances in fabrication 
techniques such as electron-beam lithography as well as nano-characterization 
techniques such as scanning probe microscopy and nano magneto-optical Kerr effect 
microscopy.  
From the application viewpoint, magnetic mesoscopic structures and 
nanostructures form the basic building blocks for various spintronic applications. In 
the hard disk industry, the giant magnetoresistance (GMR) effect is being exploited in 
the magnetic sensors used in the read-heads of hard disks. Aggressive research work 
is also being carried out on magnetic random access memories (MRAM) due to their 
various advantages over conventional memories such as high speed, high storage 
density and non-volatility [1].  
Fundamentally, novel properties emerge as the lateral size of the 
ferromagnetic mesostructures become comparable to or smaller than certain 
characteristic length scales, such as the spin relaxation length and the magnetic 
domain wall width. There has been active research on using magnetic mesoscopic 
structures to probe these length scales and in addition, there has also been ongoing 
effort to study spin-dependent electron transport and to understand the underlying 
physics from which they result. In order to open up the way for more spin-based 
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electronic applications of new and improved functionality, there is a need to be able 
to precisely manipulate the dynamics of spin in solid state devices, and this begins 
with a clear understanding of spin injection, spin accumulation and spin detection.  
Since the discovery of the anisotropic magnetoresistance (AMR) effect, some 
of the most well-known spin-dependent electron transport which have been studied 
are the GMR effect [2, 3] and the tunneling magnetoresistance (TMR) effect [4, 5]. 
The structures which were used to probe the GMR and TMR effects are the 
conventional vertically stacked magnetic multilayers, generally called the vertical 
spin valve.  
 
1.2 What is lateral spin valve? 
 In the lateral spin valve structure, the ferromagnetic structures are laid out 
laterally instead of being stacked as in the vertical spin valve. Figure 1.1 (a) and (b) 
shows a general schematic of a conventional vertical spin valve and a lateral spin 
valve respectively.  





Figure 1.1 Schematic diagram of a (a) vertical spin valve and a (b) lateral spin 
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 1.3 Why lateral spin valve structures? 
 Most of the work done on spin transport has focused on the vertical spin valve 
structure. However, a serious drawback of these vertical heterostructures is the 
difficulty in integrating them with other devices for future spintronic applications due 
to the physical constraints in fabricating multi-terminal devices for these vertical spin 
valve structures.   
 The lateral spin valve structure offer additional degrees of freedom to control 
magneto-transport properties by tailoring shape anisotropies. Multi-terminal devices 
can also be realized with the lateral spin valve structures, making it possible for the 
integration of a large number of devices.  
 Another important use of the lateral spin valve is that it allows for non-local 
spin valve measurements, whereby the spin and charge currents are separated. This is 
a powerful means of detecting spin-dependent signals because irrelevant 
magnetoresistance changes such as AMR and spin Hall effects can be removed [6]. 
This separation of spin and charge is not possible for the vertical spin valve structure.  
 
1.4 Focus of thesis 
 This thesis is devoted to the study of spin-dependent electron transport 
phenomena, whereby the electrical injection of spins, the transport of the spin 
information in non-magnetic metals and the detection of the resulting spin will be 
investigated using the lateral spin valve structure.  
 Various lateral spin valve devices with different geometrical parameters are 
fabricated using multi-level electron-beam lithography (EBL) and deposition 
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techniques. Spin injection and detection are achieved using Ni80Fe20 electrodes while 
spin transport through two different kinds of metals, copper and aluminum, is 
investigated.  
 Characterization of the lateral spin valves is carried out by magnetotransport 
measurements at both room temperature and low temperatures. The geometrical 
effect of the probe configuration on the spin accumulation signal is studied in order to 
understand the spatial distributions of the spin current which is essential for 
developing spin devices.  
   The spin relaxation length for copper and aluminum is measured for our 
lateral spin valve structures. The spin injection polarization, which is a measure of the 
efficiency of spin injection, is also determined for our structures. It is desirable for the 
spin relaxation length and the spin polarization to be as large as possible and we have 
found a spin relaxation length of 2 µm for copper at 20 K. This is almost double that 
of what other groups have obtained [7, 8]. We were also able to achieve high spin 
polarizations of up to 8.1 %, showing that we can successfully fabricate and 
characterize lateral spin valve structures.  
 
1.5 Organization of thesis  
 Chapter 2 gives a brief introduction to some of the fundamental 
magnetotransport effects and reviews past works done on the lateral spin valve 
devices, which provide a theoretical framework and background for the experimental 
work presented in subsequent chapters. The various fabrication processes and 
characterization techniques are presented in Chapter 3. In Chapter 4, a room 
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temperature investigation of the local and non-local measurement configurations for 
different types of lateral spin valve geometries is presented. The low temperature 
measurements are presented in Chapter 5 whereby the spin relaxation lengths in 
copper and aluminum are investigated. A discussion on the spin injection polarization 
of our lateral spin valve devices is also presented. Finally, in Chapter 6, a summary of 
the main observations from the data obtained is presented and suggestions for future 
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In this chapter, various topics pertaining to lateral spin valves will be 
presented. Firstly, the theory of spin injection, detection and accumulation, which 
forms the underlying physics of the lateral spin valve phenomenon, will be 
introduced. The two probe configurations widely used to obtain the spin valve signal 
will be presented and the theory behind how the spin signal is obtained using the 
lateral spin valve structure will be explained as well. Lastly, a review of the work 
done by other groups pertaining to lateral spin valves will be presented, where 
emphasis will be given on the spin relaxation lengths and the spin injection 
polarization obtained for different materials. Factors which affect the magnitude of 
the spin accumulation signal and some applications for the lateral spin valve are also 
reviewed.  
 
2.2 Theory of lateral spin valves  
 Lateral spin valve devices are structures which can be used for spin injection 
and detection as well as for probing the spin relaxation lengths in non-magnetic 
materials. A lateral spin valve device typically consists of a spin injector and a spin 
detector, both of which are made of ferromagnetic material, in contact with a spin 
diffusion medium, which is a non-magnetic metal. In order to understand how the 
lateral spin valve structure works, it is important to first have a basic knowledge of 
spin injection, detection and spin accumulation.  
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2.2.1 Theory of spin injection, detection and accumulation 
In electrical spin injection, a ferromagnetic (FM) electrode is connected to a 
non-magnetic (NM) metal as shown in Figure 2.1. The current applied flows 
perpendicular to the FM/NM interface and because the conductivities for spin-up and 
spin-down electrons in a FM metal are not equal, the charge current in the FM is 
accompanied by a spin current. When the electrons carrying the spin current crosses 
the FM/NM interface into the NM metal, the electrons accumulate over a distance λN 
and λF at both sides of the FM/NM interface because the conductivities for the spin-up 







Figure 2.1 Schematic diagram of a ferromagnet (FM) in contact with a 
nonmagnet (NM). λN and λF represents the distance which spin accumulation 
exists in the nonmagnet and ferromagnet respectively.  
 
 The rate of spin accumulation in the NM metal depends on the rate of spin 
relaxation, which is one of the important length scales for spin dependent transport. 
This is a description of how far an electron can travel in a diffusive conductor before 
it loses its initial spin direction. Spin relaxation lengths in metals are usually much 
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l =   -------------- (2.1) 
where Fv is the Fermi velocity, sfτ is the spin flip time and λ is the mean free path.  
 In the absence of magnetic impurities, the dominant mechanism that causes 
electrons to be flipped is the spin-orbit interaction as proposed by Elliot and Yafet [6, 
7]. At high temperatures, sfτ1 increases linearly as temperature increases and this 
indicates phonon-induced spin relaxation. At low temperatures, sfτ1  is constant and 
scattering is by impurities.  
The presence of non-equilibrium spin accumulation in the NM metal causes 
an energy splitting between the spin-up and spin-down chemical potentials of the 
electrons in the NM metal. The majority spins have a higher chemical potential than 
the minority spins and it is this chemical potential which is being detected as the spin 
accumulation signal [8]. The goal of many spintronic devices is to maximize this spin 
detection sensitivity [9].  
 
2.2.2 Theory of lateral spin valve measurement 
 There are typically two types of measurement configuration that have been used 
to probe spin transport in lateral spin valves. They are the non-local spin valve 
(NLSV) measurement configuration and the local spin valve (LSV) measurement 
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 For the NLSV probe configuration, an electric current is passed through one of 
the magnetic electrodes which acts as an injector. Non-equilibrium spin accumulation 
occurs in the nonmagnetic material and thus there is an energy splitting between the 
spin-up and spin-down chemical potentials of the nonmagnetic material. The majority 
spins have a higher chemical potential than the minority spins. These up and down 
spins diffuse through the nonmagnetic material and are detected as a voltage change 
probed by the other magnetic electrode which serves as a detector. If the 
magnetization of the detector is aligned spin-up, then the voltage at the detector 
would reflect the spin-up chemical potential and vice versa.  
 When the magnetizations of the injector and detector are parallel, the detected 
voltage is high and when they are anti-parallel, the detected voltage is low as depicted 
in Figure 2.3.  Since there is no net current flow between the injector and detector, the 
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accumulation in the NM line. Various groups have used the NLSV configuration to 
obtain a clear spin accumulation signal for their lateral spin valve devices [10 – 12].   









Figure 2.3 Lateral spin valves with (a) parallel magnetization and (b) anti-
parallel magnetization of the FM injector and detector, giving rise to a high and 
a low output voltage respectively.  
 
 The principle of spin detection for the LSV configuration is the same as that of 
the NLSV. However, one major difference is that the voltage and current probes for 
the NLSV are separate circuits whereas for the LSV configuration they are not. 
Hence, spurious effects like the anisotropic magnetoresistance (AMR) effect and the 
spin Hall effect are included in the LSV signal which may mask the spin 
accumulation signal. However, the local spin valve signal is still useful for the 
application of devices in which a two-terminal signal is important and hence several 
groups have done characterization of their lateral spin valves using the LSV signal 











Parallel magnetization –  
High output 
Anti-parallel magnetization –  
Low output 
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 It was mentioned earlier that when the magnetizations of the injector and 
detector are parallel, the detected voltage is high and vice versa. Hence, one can see 
that for a lateral spin valve structure, it is important that the FM injector and detector 
have two different switching fields. Studies have shown that the coercive field 
depends mainly on the width of the electrodes and the smaller the width of the 
electrode, the larger is its switching field [32, 33]. Engineering the switching fields of 
the FM electrodes will be further discussed in Chapter 4 when we perform anisotropic 
magnetoresistance (AMR) measurements on our lateral spin valve electrodes.  
 In addition to having different switching fields for the injector and detector, it 
is also important that they have a well defined easy axis along which the 
magnetization aligns. Last et al. [34] have done magnetic force microscopy studies on 
permalloy (Py) electrodes and they found that high aspect ratios of more than 20 
provide the favoured single-domain magnetization states at remanence while low 
aspect ratios of less than 3 led to multidomain structures which are highly undesirable 
as multiple domains would mean injection and detection of both spin components, 
thus reducing the injection and detection efficiency [18].  
 
2.3 Summary of work done on lateral spin valves 
 In the past studies of lateral spin valves, two typical systems have been 
adopted, namely the FM/NM/FM type and the FM/I/NM/I/FM type where I 
represents an insulator layer. Lateral spin valve devices can be used to probe the spin 
relaxation lengths in the NM layer. Most of the studies done on lateral spin valves 
focus on obtaining the spin relaxation lengths in different materials such as copper, 
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aluminum and gold, as well as on increasing the spin injection efficiency of their spin 
valves. A summary of the spin relaxation lengths and spin injection polarizations 
obtained for different metals by various groups will be presented. Several factors, 
such as junction size and measurement configuration, which affect the performance of 
lateral spin valves will also be discussed in this section and lastly, several applications 
for the lateral spin valve structure will be presented.  
 
2.3.1 FM/NM/FM lateral spin valves 
 In order to maximize the spin injection polarization and the spin relaxation 
lengths, several parameters in the FM/NM/FM lateral spin valves can be explored. 
Firstly, the material for the FM injectors and detectors can be varied. Ferromagnetic 
materials which have been explored are Permalloy (Py) [14 – 18] and Co [19]. 
Secondly, the material for NM can be varied to find out the different spin relaxation 
lengths in the respective material. Non-magnetic materials such as gold (Au) [15, 16], 
copper (Cu) [14, 18] and aluminum (Al) [18] have been studied and a summary of the 
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Contact type Temperature 
(K) 
λ (nm) P (%) Reference 
10 63 ± 15 3 Yi et al. [15] Py/Au 
15 168 26 Ku et al. [16] 
4.2 1200 ± 200 3 Py/Al 
293 600 ± 50 3 
Jedema at al. [18] 
4.2 1000 ± 200 2 
293 300 ± 50 2 
Jedema at al. [18] Py/Cu 
300 500 25 Kimura et al. [14] 
Co/Cu 10 200 ± 20 7.4 Yi et al. [19] 
 
Table 2.1 Comparison of spin relaxation lengths and injection polarization for 
FM/NM/FM lateral spin valves 
 
 From Table 2.1, it can be seen that aluminum has the longest spin relaxation 
length of around 1200 nm at 4.2 K while gold has the shortest spin relaxation length. 
The spin injection polarization varies and it depends on the cleanliness of the 
interface between the FM and NM. Ku et al. [16] attributed their high spin 
polarization of 26 % to the well-controlled interface treatment between FM and NM, 
whereby their NM layer was cleaned by rf plasma before the FM material was 
deposited.  
 
2.3.2 FM/I/NM/I/FM lateral spin valves 
The use of tunnel barriers in spin injection has been known to increase the 
magnitude of the spin valve signal. They provide high spin dependent resistances 
compared to the magnitude of the spin independent resistance in the electrical circuit. 
Firstly, the high spin dependent resistance enhances the spin polarization of the 
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current injected through the tunnel barrier by overcoming the problem of conductivity 
mismatch [20, 21]. Secondly, the high spin dependent resistance causes the injected 
electrons to have a negligible probability of escaping back into the injector and losing 
their spin information [22].  
 Table 2.2 shows the spin relaxation lengths and injection polarization obtained 
for the FM/I/NM/I/FM lateral spin valves. All of the groups have used Al2O3 as the 
insulator layer. It can be seen that the presence of a tunnel barrier does not affect the 
spin relaxation length but it increases the spin polarization. The highest spin 
polarization of 25 % was obtained by Valenzuela et al. [24] and they found that the 




λ (nm) P (%) Reference 
4.2 650 ± 100 11 ± 2 
293 350 ± 50 11 ± 2 
Jedema et al. [22] 
2 400 ± 50 10 ± 1 
Co/Al 
293 350 ± 50 8 ± 1 
Costache at al. [23] 
Co/Cu 4.2 550 5.5 Garzon et al. [25] 
CoFe and NiFe/Al 4.2 200-420 25 Valenzuela [24] 
 
Table 2.2 Comparison of spin relaxation lengths and injection polarization for 
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2.3.3 Factors affecting magnitude of spin signal 
There are many factors which can either cause the detected spin signal to 
decrease or increase and it is important to know them in order to optimize the spin 
valve signal. This section will cover the influence of the spin diffusion line width, 
junction size and capping layer on the magnitude of the measured spin signal.  
It was found that when the spin diffusion line width was decreased, the 
inhomogeneity of the spin-polarized current was reduced and this resulted in a larger 
spin signal detected [26]. The enhancement of spin accumulation by the reduction of 
junction size was also investigated by Kimura et al [27]. They found that spin 
accumulation and the spin current are dependent on both the electrode spacing and 









whereλ , α  and σ  are the spin diffusion length, the spin polarization and the 
conductivity, respectively. S is the cross sectional area effective for the spin current. 
SR  is a measure of the difficulty for spin mixing over the spin diffusion length. 
Hence, by reducing S, the difficulty for spin mixing increases which will result in a 
larger spin signal. 
Inserting a Au capping layer on the Cu wire significantly suppresses the spin 
accumulation in the Cu wire although the electrical conductivity is improved since the 
Au capping prevents oxidation of the Cu surface. The decrease in spin signal is a 
result of the small spin-flip resistance originating from the short spin diffusion length 
of the Au layer, whereby absorbed spins are successively flipped [28]. 
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Kimura et al. [29] have also demonstrated that the ohmic contact of a Py wire 
connected to a Cu strip between an injector and detector in non-local spin valve 
structure as shown in Figure 2.4 significantly suppresses the spin polarization induced 
in the Cu strip. The suppression of the spin accumulation signal is because the 
additional Py wire connected to the Cu wire reduces the spin splitting of the chemical 







Figure 2.4 Schematic diagram of three Py wires bridged by a Cu wire 
 
2.3.4 Applications for lateral spin valves 
The lateral spin valve offers one a greater degree of freedom compared to the 
vertically stacked spin valves and it has been used for various applications. One of the 
applications is in the determination of vortex chirality as demonstrated by Kimura et 
al. [30]. For their structure, a Py disk was used as the injector while a Py wire was 
used as the detector. From the response of the spin accumulation signal, they were 
able to determine if the magnetization in the disk was clockwise or anti-clockwise. 
This technique allows one to study the vortex chirality of an individual magnetic disk 
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Another application of the lateral spin valve structure is in switching the 
magnetization of a nanoscale FM particle [31].  Most of the current spin-transfer 
devices consist of nanopillars, whereby two magnetic layers are separated by a 
nonmagnetic layer in a vertical stack. In order to change the magnetization of the free 
magnetic layer, a pulsed charge current is flowed through the nanopillar and this 
causes joule heating which is undesirable. Kimura et al. [31] were able to switch the 
magnetization of a Py particle from the anti-parallel to the parallel state using the 
non-local spin injection current. However, they were unable to switch the 
magnetization from parallel to anti-parallel state. In order to switch the particle 
between both states, further optimization of the device structure is required.  
 
2.4 Summary  
 The theory of spin injection, detection and accumulation, which is crucial for 
an understanding of the lateral spin valve, was presented in this chapter. 
Subsequently, the theory behind how a spin signal is obtained using the non-local and 
the local spin valve probe configuration was explained. A summary of the spin 
relaxation lengths and spin polarizations obtained by other groups for lateral spin 
valves with and without a tunnel barrier was given. Lastly, factors which affect the 
magnitude of the spin signal and some applications of the lateral spin valve structure 




                                                                                     Chapter Two: Literature Review 
19 
References 
[1] Igor Zutic, Jaroslav Fabian and S. Das Sarma, Rev. Mod. Phys, 76, 323 (2004) 
[2] Mark Johnson and R. H. Silsbee, Phys. Rev. B, 37, 5326 (1988) 
[3] Mark Johnson and R. H. Silsbee, Phys. Rev. Lett, 55, 1790 (1985) 
[4] Mark Johnson and R. H. Silsbee, Phys. Rev. B, 37, 5312 (1988) 
[5] F. J. Gregg, I. Petej, E. Jouguelet and C. Dennis, J. Phys. D: Appl. Phys. 35, 
R121 (2002) 
[6] R. J. Elliot, Phys. Rev, 96, 266 (1954) 
[7] Y. Yafet, Solid State Physics, v14 (Academic, New York, 1963) 
[8] Y. Ji, A. Hoffmann, J. S. Jiang and S. D. Bader, Appl. Phys. Lett, 85, 6218 
(2004) 
[9] W. Thomson, Proc. R. Soc. 8, 546 (1857) 
[10] F. J. Jedema, M. S. Nijboer, A. T. Filip and B. J. van Wees, Phys. Rev. B, 67, 
085319 (2003) 
[11] T. Kimura, Y. Otani and J. Hamrle, Phys. Rev. B, 72, 014461 (2005) 
[12] S. O. Valenzuela and M. Tinkham, Appl. Phys. Lett, 85, 5914 (2004) 
[13] J. Ku, J. Chang, S. Han, J, Ha and J. Eom, J. Appl. Phys. 99, 08H705 (2006) 
[14] T. Kimura, Y. Otani and J. Hamrle, Appl. Phys. Lett, 85, 3501 (2004) 
[15] Y. Ji, A. Hoffmann, J. S. Jiang and S. D. Bader, Appl. Phys. Lett, 85, 6218 
(2004) 
[16] J. Ku, J. Chang, H. Kim and J. Eom, Appl. Phys. Lett, 88, 172510 (2006) 
[17] A. van Staa and G. Meier, Physica E, 31, 142 (2006) 
                                                                                     Chapter Two: Literature Review 
20 
[18] F. J. Jedema, M. S. Nijboer, A. T. Filip and B. J. van Wees, Phys. Rev B, 67, 
085319 (2003) 
[19] Y. Ji, A. Hoffmann, J. E. Pearson and S. D. Bader, Appl. Phys. Lett, 88, 
052509 (2004) 
[20] E. I. Rashba, Phys. Rev B Rap. Com, 62, R16267 (2000) 
[21] A. Fert and H. Jaffrès, Phys. Rev. B, 64, 184420 (2001) 
[22] F. J. Jedema, H. B. Heersche, A. T. Filip, J. J. A. Baselmans and B. J. van 
Wees, Nature (London), 416, 713 (2002) 
[23] M. V. Costache, M. Zaffalon and B. J. van Wees, Phys. Rev. B, 74, 012412 
(2006) 
[24] S. O. Valenzuela and M. Tinkham, Appl. Phys. Lett, 85, 5914 (2004) 
[25] S. Garzon, I. Žutić and R. A. Webb, Phys. Rev. Lett, 94, 176601 (2005) 
[26] T. Kimura, J. Hamrle, Y. Otani, J. Appl. Phys, 97, 076102 (2005) 
[27] T. Kimura, Y. Otani and J. Hamrle, Phys. Rev. B, 73, 132405 (2006) 
[28] T. Kimura, J. Hamrle, Y. Otani, IEEE. Trans. Magn, 41, 2600 (2005) 
[29] T. Kimura, J. Hamrle, Y. Otani, Tsukagoshi and Y. Aoyagi, Appl. Phys. Lett, 
85, 3795 (2004) 
[30] T. Kimura, Y. Otani and J. Hamrle, Appl. Phys. Lett, 87, 172506 (2005) 
[31] T. Kimura, Y. Otani and J. Hamrle, Phys. Rev. Lett, 96, 037201 (2006) 
[32] J. Nitta, T. Schäpers, H. B. Heersche, T. Koga, Y. Sato and H. Takayanagi, 
Jap. J. Appl. Phys, 41, 2497 (2002) 
[33] A. O. Adeyeye, J. A. C. Bland, C. Daboo, Jaeyong Lee, U. Ebels, and H. 
Ahmed, J. Appl. Phys. 79, 6120 (1996) 
                                                                                     Chapter Two: Literature Review 
21 






























In order to observe the magnetoresistance behavior and the spin diffusion 
signal of lateral spin valves, nanometer scale devices which require multi-level 
lithography and deposition were fabricated. Advanced nanofabrication technique such 
as electron beam lithography was used to ensure that a sub-hundred nanometer 
separation between the electrodes can be reached. The yield rate and the performance 
of the devices were further improved by fine tuning the experimental parameters and 
processes. This chapter covers the different procedures involved in the fabrication as 
well as the equipment used for the characterization of these lateral spin valves.   
 
3.2 Fabrication Procedures 
 Various fabrication techniques were employed in order to obtain a lateral spin 
valve device. Firstly, large optical base pads were fabricated using optical 
lithography. Subsequently, the actual lateral spin valve structures were drawn with 
respect to the position of the optical base pads using multi-level electron-beam 
lithography (EBL). The larger optical base structures allow connections to be made to 




                        Chapter Three: Fabrication and characterization of lateral spin valves 
 
23 
3.2.1 Optical lithography procedures 
 The flow of the fabrication process for the optical base pads is shown in 























Step: Photo-resist spin 
coating and baking 
Photo-resist 
Step: Exposure  
Step: Development 
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3.2.1.1 Pre-lithography procedures 
First, the 2-inch silicon wafers with silicon dioxide are dipped in acetone and 
ultrasonic agitation is carried out for 15mins. The whole procedure is then repeated in 
isopropanol (IPA). These cleaning steps ensure that the wafers are free from 
particulate contamination which may cause defects when the spin valves are 
fabricated later.  
The wafers are coated with a positive photoresist PFI using a spin coater. The 
wafers are spun at a speed of 6000rpm for 30 seconds. This results in a resist 
thickness of approximately 2µm. The wafers are then placed in an oven for baking in 
order to evaporate the remaining solvent in the resist and to improve the adhesion of 
the resist to the substrate by strengthening the bonds between them [1]. Baking is 
done for 30mins at 90oC.  
 
3.2.1.2 Optical Lithography 
 Optical lithography involves the formation of images with visible or 
ultraviolet radiation in a photoresist using proximity or projection printing [2].  The 
resist, consisting of a resin and a photoactive compound, can be positive or negative. 
For this project, positive resists were used. For areas which are exposed to light, the 
photoactive compound is destroyed and hence the resin becomes more soluble in a 
developer solution. The unexposed areas have higher molecular weight and thus are 
not removed in the developer. Figure 3.2 shows an illustration of the optical 
lithography process.  
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Figure 3.2 (a) Exposure of positive resist to UV light. Yellow and pink portion 
represents exposed and unexposed regions respectively. (b) Resist profile after 
development. Areas exposed by light has been removed. 
 
 
Optical lithography was performed using a Karl Suss MA6 Contact Aligner 
and ultraviolet (UV) light with a wavelength of 365nm was used. The samples were 
exposed for 15 seconds to the UV light with an intensity of 110 mJ/cm2. The optical 
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3.2.1.3 Post lithography procedures 
After exposure, the wafers are then soaked in a developer solution for 25 
seconds. The developer consists of AZ300MF diluted with de-ionized water. A check 
is done using optical microscope to ensure that areas which were exposed to the UV 
light are completely removed.  
After development, 40nm of gold was deposited onto the wafers using thermal 
evaporation. A thin layer of chromium (5nm) was deposited prior to gold since gold 
does not adhere well to the silicon substrate.  Metal deposition was achieved using the 
Edwards evaporator which consists of two separate sources. This allows the 
deposition of two different kinds of materials without breaking the vacuum. The base 
pressure at which evaporation was carried out is around 2.5 x 10-6 mbar and the 
working pressure was typically 3.5 x 10-6 mbar.  
 After evaporation, the wafers are placed in a solution of clean acetone and 
ultrasonic agitation is used to ensure that the remnants are completely lifted off. The 
acetone serves to dissolve the photoresist, leaving the optical patterns on the wafer.  
 A layer of around 1µm thick photoresist resist is spun onto the wafer to 
protect the structures during dicing. The wafers are diced into individual dices of 
5mm by 5mm. The resist is then washed off with acetone. After the bulk fabrication 
of the optical base structures, the dies are then processed individually using EBL. 
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(a)        (b) 
    
Figure 3.4 (a) Optical image of a die overview (b) Magnified view of one of the 
six terminal base structure shown in (a) 
 
3.2.2 Electron beam lithography procedures 
 In order to obtain a complete lateral spin valve structure, a total of 3 EBL 
steps and 3 deposition steps were required. Figure 3.5 shows the various procedures 

































Figure 3.5 Schematic diagram showing flow of EBL fabrication. In this 
illustration, two lateral spin valve structures are fabricated within the six optical 
base pads.  
 
 




Optical base pads 
 
1st level EBL and deposition: 
Ni80Fe20 electrodes 
 
2nd level EBL and deposition: 
Spin diffusion line 
 
3rd level EBL and deposition: 
Capping pads 
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3.2.2.1 Pre-lithography procedures 
 As before, the dies were soaked in acetone followed by IPA for a duration of 
10 minutes each to remove any organic and inorganic contaminants. For 1st and 2nd 
level EBL, a layer of 3% PMMA was spun onto the optically patterned substrate at 
6000rpm for 60 seconds. The resulting resist thickness is approximately 2000Å. For 
the 3rd level EBL, 6% PMMA was used so as to achieve a thicker resist of around 
6000 Å. This was because a thick layer of gold is required for the 3rd level deposition.  
The dies were then baked in an oven in order to evaporate the remaining solvent in 
the resist. Baking was done for 10 minutes at 120 oC.  
 
3.2.2.2 Electron beam lithography 
 Due to the nanometer size requirement of the lateral spin valve structures, 
EBL was necessary even though optical lithography gives a higher throughput. The 
small diameter of the electron beam enables much smaller structures to be fabricated 
using EBL. Electron beam lithography is carried out using a Philips XL30 Field 
Emission Gun scanning electron microscope (SEM) controlled by a Raith Elphy Plus 
pattern generator.  
 Prior to the fabrication of the actual spin valve structures, a series of dose tests 
were carried out in order to determine the optimum electron dose required to 
sufficiently expose the PMMA resist without overexposure.  It was found that a 
dosage of around 440µC/cm2 was needed. Electrode separations of down to 60nm 
were achieved as shown in Figure 3.6.  




Figure 3.6 SEM image showing a separation of 60nm between two Ni80Fe20 
electrodes 
 
 As seen in the flow diagram in Figure 3.5, a total of three EBL steps are 
required for the lateral spin valve structure. For multilevel lithography, it is essential 
that all the patterns which are drawn in a sequence of exposures are aligned to one 
another. Any misalignments at any of the three EBL steps would result in either a 
short or an open circuit. The ELPHY software is used together with the pattern 
generator and SEM in order to achieve this. Figure 3.7 shows the main program 
window of the software.  




Figure 3.7 Main program window of ELPHY software 
 
In order to align the pattern at the first layer according to the optical base structures, 
three alignment marks are needed as seen in Figure 3.8. The alignment marks are 
scanned repeatedly until a satisfactory alignment is obtained. 
 
 
Figure 3.8 SEM image showing alignment marks of optical structures 
Scan Mark 1 
Scan Mark 2 
Scan Mark 3 
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 The electrode pattern shown in the 1st level EBL in Figure 3.5 was scanned 
onto the resist using the software. Development was done in 1:3 MIBK:IPA for 60 
seconds. Since PMMA is a positive resist, the parts that are exposed to the electron 
beam have lower molecular weights and greater solubility and are hence removed 
away [2]. 25nm of Ni80Fe20 was thermally evaporated and after lift-off, the Ni80Fe20 
electrode structure as shown in Figure 3.5 was obtained.  
 The second step after fabricating the Ni80Fe20 injector and detector electrodes 
was to form the spin diffusion line which can be either copper or aluminum. Pre-
lithography procedures as mentioned in section 3.2.2.1 were carried out and the 2nd 
level EBL was performed. Prior to the deposition of the spin diffusion line, the 
Ni80Fe20 electrodes were allowed to oxidize naturally in air to form a thin layer of 
oxide which acts as a tunnel barrier. 80nm of either copper or aluminum was then 
evaporated and after lift-off, the resultant structure consisting of Ni80Fe20 electrodes 
and the spin diffusion line was obtained as shown in Figure 3.5. Figure 3.9 shows an 
SEM image of the lateral spin valve structure after 1st and 2nd level EBL and 
deposition.  
 




Figure 3.9 SEM image of structures after 2nd EBL and 2nd evaporation 
 
 In order to ensure that the contacts between the EBL structures and the optical 
base structures were good, a final EBL process was needed, whereby capping pads 
consisting of 10/200nm Cr/Au were deposited as shown in Figure 3.5. Cr/Au was 
deposited as gold has a low resistivity and is an unreactive metal. The completed 
















     Capping pads     
Ni80Fe20  
 Spin diffusion line 
(a)     
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Figure 3.10 (a) SEM image of two completed lateral spin valve structures 
 














Figure 3.10 (b) Lateral spin valve showing separation of around 350nm 
 
3.2.2.3 Post-lithography procedures 
 After the fabrication of the lateral spin valve devices was completed, a layer 
of HfO2 was sputtered onto the devices for encapsulation if the spin diffusion medium 
was copper. More explanation will be given in section 3.3.4 of this chapter.  
Wire bonding was done in order to allow electrical connection of the 
microscopic structures to the macroscopic world.  The die was secured onto a 24-pin 
Leadless Chip Carrier using a drop of silver paint and bonding was done using a K&S 
Thermosonic wire bonder. Thermosonic bonding uses a combination of ultrasonic 
energy, temperature and pressure to form the bonds and for this project, ball-and-
wedge bonding was employed. Figure 3.11 shows a patterned sample mounted onto 







(b)     
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Figure 3.11 Photo of a mounted sample after wire bonding  
 
3.3 Additional steps to ensure high quality of devices  
 In order to improve the yield as well as the performance of the lateral spin 
valve devices, special care was taken during the fabrication process.  
 
3.3.1 Control of evaporation flux to reduce sidewalls 
 One of the observations made was that there were high sidewalls in the 
structures after evaporation and lift-off. The sidewalls were formed due to non-planar 
rotation of the samples during evaporation which caused deposition on the walls of 
the resist when the samples were not directly above the source. Figure 3.12 shows a 





Figure 3.12 Diagram showing formation of sidewalls during evaporation 
 
Silicon oxide substrate 
Resist 
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Sidewalls are undesirable as they could cause discontinuities in the subsequent 
structures overlaid on it due to shadowing effect as shown in the Figure 3.13 (a) and 
(b).  
 
Figure 3.13 (a) Diagram showing how sidewalls affect the second deposited layer 
 
                 
Figure 3.13 (b) AFM image showing discontinuity in Ni80Fe20 electrodes due to 
high sidewalls of the optical base structure 
 
In addition, the structures will tend to break at the areas where sidewalls are present 
as shown in Figure 3.14. This is because the current density is higher at the areas 
where less metal is deposited, leading to joule heating and resulting in breakage.  












Figure 3.14 SEM image of structure after passing a current of 1µA 
 
Thus, in order to reduce sidewalls in the structures, samples were evaporated without 
rotation so that the flux of the evaporated metal will reach the samples vertically. A 
check was done using the step profiler and the sidewalls were visibly reduced.  
 
3.3.2 Capping pads to improve electrical contact of structures 
 Before the samples were bonded onto the LCC package, the resistances of the 
structures were checked using a probe station which comprises 4 probe needles 
interfaced with a HP4155 Parameter Analyzer. Initially, fabrication of the spin valves 
did not include the 3rd EBL step. It was found that the structures exhibited high 
resistances of the order of several thousand ohms as shown in the red line in Figure 
3.15. This is due to insufficient metal coverage at the areas where the EBL structures 
overlay the optical structures. Hence, a 3rd EBL and evaporation step was added 
whereby pads were drawn and a thick layer of Cr/Au was deposited in order to ensure 
good contact between the smaller EBL structures and the larger optical pads. The 
capping pads are shown in Figure 3.10 (a).  The IV curves of the structures were 
obtained after this final step and there is a marked decrease in the resistance of the 
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structures from several thousand ohms to a few hundred ohms as seen in blue line in 
Figure 3.15.   
y = 598.89x - 6E-05










-0.00015 -0.0001 -0.00005 0 0.00005 0.0001 0.00015
 
Figure 3.15 IV curve of structure before 3rd EBL step showing resistance 6.7kΩ 
(red line) and after 3rd EBL step showing resistance of 600Ω (blue line) 
 
3.3.3 Angled evaporation for conformal step coverage  
 Evaporation is a highly directional deposition process which results in films 
that are non-conformal. This means that any topography on the substrate will not be 
uniformly covered. A comparison between conformal and non-conformal films is 





Plot of Voltage vs Current 
V /V 
I /A 
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Figure 3.16 (a) Uniform deposited film thickness resulting from conformal 
deposition (b) Non-uniform deposited film thickness resulting from non-
conformal deposition 
 
 Non-conformal evaporation resulted in structures which were weaker at 
certain areas where less metal has been deposited. These areas are prone to breakage 
when a small current is passed as shown in Figure 3.17.  
 
Figure 3.17 Breakage at the step when a current of 1µA is passed through the 
copper line 
 
 The method used to overcome this was to evaporate the overlying layer at an 
angle of 45o. Evaporation was first carried out by placing the sample at the right hand 
side of the source and the sample was subsequently rotated to the left hand side of the 
source. This ensures that the step coverage is sufficient at both sides of the line as 
seen in Figure 3.18.  
 















Figure 3.18 Structures showing good step coverage after angled evaporation 
 
3.3.4 Electrochemical Reaction of Copper  
 When copper was used instead of aluminum as the spin diffusion medium, it 
was observed that galvanic corrosion occurred which caused the copper line to 
become open. Galvanic corrosion occurs when two different metals are in contact 
with each other in the presence of a common electrolyte. An electrochemical cell is 
set up and electrons flow from one metal to another. Table 3.1 shows the partial 
galvanic series of some metals. The larger the potential difference between the 
metals, the more pronounced the galvanic corrosion will be. Figure 3.19 shows 
corrosion of the copper structure which led to an open circuit. 
Metal Reaction Standard reduction potential at 25oC 
(V) 
Aluminium Al3+ + 3e- = Al (s) -1.68 
Iron Fe2+ + 2e- = Fe (s) -0.44 
Nickel Ni2+ + 2e- = Ni (s) -0.25 
Copper Cu2+ + 2e- = Cu (s) +0.34 
Gold Au2+ + 2e- = Au (s) +1.50 
 
Table 3.1 Partial galvanic series of metals [3] 
Cu 
Ni80Fe20 Ni80Fe20 














Figure 3.19 Opening of copper line due to galvanic corrosion 
 
 In order to overcome this problem, 90nm of oxide was sputtered onto the 
samples to completely encapsulate the structures as shown in Figure 3.20. This is to 
prevent any moisture from acting as an electrolyte between the two metals and 
causing corrosion.  
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3.4 Characterization Techniques 
 The magnetic behaviors of the lateral spin valves were characterized at both 
room temperature and low temperature. The profiles and separation gap between the 
electrodes were observed using a scanning electron microscope.  
 
3.4.1 Scanning Electron Microscope 
 The SEM is a powerful tool for sample analysis as it offers resolution down to 
a few nanometers. An incident electron beam with energies of several keVs is 
directed at the sample and these electrons interact with the sample. Particles or waves 






Figure 3.21 Schematic diagram of electron-sample interaction 
 
 In order to observe the surface profiles of the lateral spin valve structures, the 
secondary electron mode is used because the secondary electrons that are produced 
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3.4.2 Room temperature magnetoresistance measurement 
 The magnetic behaviors of the structures were obtained by detecting the 
change in electrical signal with respect to an external applied magnetic field. This 
method allows the detection of weak magnetic signals which are otherwise 
undetectable by the vibrating sample magnetometer.  
 The sample, which is in a 24-pin leadless chip carrier, is mounted onto the 
chip holder which is placed between a pair of electromagnets. A gaussmeter is used to 
measure the magnetic field generated by the electromagnets. The chip holder is 
connected to a socket board which allows for connections to be made to the chip 
carrier. Coaxial cables are used to connect the pins to a dc current source and a 
nanovoltmeter. A motor controller connected to the chip holder allows angular 
measurements to be made. The data obtained is sent to a computer and captured by a 
LabView program.   
 
3.4.3 Low temperature magnetoresistance meausrement 
 At low temperatures, certain effects such as phonon and impurity scattering 
are reduced. Low temperature measurements were performed using a Janis Model 
SVT Research Cryostat which enabled temperature variations from room temperature 
down to 4 K.  
 Liquid nitrogen was first needed to cool the system to around 77 K, after 
which liquid helium was used to bring the temperature down to 4.2 K. Great care had 
to be taken during transferring of the cooling liquids as well as loading and unloading 
of the samples to ensure that no moisture entered the cryostat.  




 Lateral spin valve structures were successfully fabricated using a combination 
of optical lithography, multi-level electron beam lithography and various deposition 
techniques. The additional steps which were taken during fabrication to ensure that 
the lateral spin valves were of high quality were also highlighted.  
 The various characterization techniques such as scanning electron microscopy 
and magnetoresistance measurements at both room temperature and low temperature 
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In this chapter, electrical spin injection and detection will be studied, using 
tunnel barriers in combination with ferromagnetic electrodes as spin injectors and 
detectors in lateral spin valve devices. Firstly, the switching process of the injector 
and detector electrodes will be investigated for different electrode widths and 
configurations using anisotropic magnetoresistance. Micromagnetic simulations and 
the magnetic force microscopy images of these electrodes will be presented to explain 
the magnetoresistance response obtained.  
In order to study spin relaxation lengths and spin injection polarizations, 
copper and aluminum wires were selected as the spin diffusion medium. Local and 
non-local measurements for our lateral spin valve structures were performed and the 
dependence of the spin accumulation signal on the different probe configurations will 
be presented.  
The separation between the spin injector and detector was varied from 160nm 
to 430nm in order to investigate the dependence of the non-local spin valve signal on 
electrode separation at room temperature. The spin relaxation length for copper was 
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4.2 Experimental Processes 
 Two different types of lateral spin valve geometries were fabricated using 
multi-level electron beam lithography (EBL) in order to investigate the most suitable 
geometry in terms of switching characteristics as well as spin injection and detection. 
Figure 4.1 (a) and (b) shows the scanning electron microscope (SEM) images of the 
two kinds of lateral spin valves investigated.  
For Geometry 1, the switching fields of the Ni80Fe20 electrodes are engineered 
by using electrodes of different widths i.e. 300nm and 600nm. In geometry 2, large 
Ni80Fe20 pads are attached to one of the electrodes in order to lower its switching 
field. The widths of the Ni80Fe20 electrodes Geometry 2 are also smaller so that the 
contact area with the spin diffusion line will be single domain. Multiple domains 
would lead to the spin injection and detection of both spin components and this would 
reduce the spin injection efficiency [1]. The spin diffusion line width of 220nm is the 
same for both geometries. It can be seen from Figure 4.1 that Geometry 1 has four 
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Figure 4.1 SEM images of the two different kinds of lateral spin valve geometries 
fabricated and the dimensions of the electrodes. The inset shows the overview of 
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 In addition to investigating the spin valve geometry, different kinds of 
materials were also used for the spin diffusion line as indicated in Figure 4.1 to enable 
us to study the spin dependent transport in these materials. Table 4.1 shows a 
summary of the EBL and deposition steps involved when either copper or aluminum 
was used for the spin diffusion line. In the table, Geometry 1 is used as illustration.  
 
Spin Diffusion Medium Copper Aluminum 







- 25nm Ni80Fe20 
- electrodes 
- 25nm Ni80Fe20 
Formation of tunnel 
barrier 
Natural oxidation of Ni80Fe20 electrodes in air to form 
oxide layer 
 






- spin diffusion line 
- 80nm Cu 
 
- spin diffusion line 
- 80nm Al 
 






- capping pads 
- 10/200nm Cr/Au 
- capping pads 
- 10/200nm Cr/Au 
 
HfO2 encapsulation  Required Not Required 
 
Table 4.1 Summary of EBL and metal deposition thicknesses for lateral spin 
valves using copper or aluminum as the spin diffusion medium.  
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4.3 Anisotropic Magnetoresistance of the Ni80Fe20 electrodes  
 Before the local and non-local spin valve measurements, a clear understanding 
of the magnetization switching process in the individual Ni80Fe20 electrodes is 
necessary. This information is important for identifying the contribution of each 
electrode to the local and non-local magnetoresistance measurements.  
Anisotropic magnetoresistance measurements were carried out on the 
individual Ni80Fe20 electrodes at room temperature and were used to determine their 
switching behaviors and coercivities. The anisotropic magnetoresistance (AMR) 
effect is the phenomenon whereby the resistiviy of a ferromagnetic material changes 
with respect to the angle between the current flowing through the material and the 
magnetization of the material [2]. The equation illustrating this relationship is as 
follows: 
θρρρ 2max cos)(∆+= O -------------- (4.1) 
where ρ  is the resistivity of the material and θ  is the angle between the 
magnetization and the direction of current flow. From Equation 4.1, it is expected that 
the resistance will be high at high fields when the directions of the magnetization and 
current are parallel.   
  
4.3.1 AMR response of rectangular electrodes 
 We shall first look at the AMR measurements of the Ni80Fe20 electrodes 
without pads attached. Figure 4.2 shows the two-point probe configuration used to 
measure the AMR responses of both electrodes.  
 
















Figure 4.2 Schematic diagram showing the two-point probe configurations used 
to measure the AMR response of the individual electrodes. The external 
magnetic field is applied along the x-axis i.e. the longitudinal axis of the 
electrodes.  
 
Figure 4.3 (a) and (b) shows the AMR responses of the Ni80Fe20 electrodes 
with a width of 600nm and 300nm respectively when a dc current of 80µA was 
passed through them and the external field swept in the x-direction as illustrated in 
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600nm width  




































Figure 4.3 AMR response of the (a) 600nm width Ni80Fe20 electrode and (b) 
300nm width Ni80Fe20 electrode at room temperature. The black (blue) curve 
corresponds to the positive (negative) sweep of the external magnetic field.  
 
In Figure 4.3 (a), as the magnetic field is swept from negative to positive 
(black curve), there is a gradual decrease in the resistance of the 600nm width 
Ni80Fe20 wire . At a field of 90 Oe, the resistance drops abruptly and at 140 Oe, it  
increases sharply back to the initial value. For Figure 4.3 (b), there is a sharp dip in 
the resistance at around 200 Oe corresponding to the switching of magnetization in 
the 300nm width Ni80Fe20 wire.  
(a) 
(b) 
AMR of 600nm width electrode 
AMR of 300nm width electrode 
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From the two AMR curves, we can see that the Ni80Fe20 electrodes have 
different switching fields, which is one of the important requirements for a lateral 
spin valve. It can be seen that when the width of the Ni80Fe20 electrodes is reduced, 
the switching field increases. This is in accordance with the observation by Adeyeye 
et al. [3]. This increase is due to the presence of a small magnetic ripple in the line 
[4]. These ripples, which can be seen as buckling in the magnetization of the wire, 
prevent the reverse domain from propagating down the line. As the width of the line 
is decreased, a larger field is required to overcome this buckling hence, resulting in an 
increase in coercivity. The switching fields of our Ni80Fe20 electrodes are in good 
agreement with the results obtained by Nitta et al. [5].  
From the AMR curve of the 600nm width Ni80Fe20 electrode, we can deduce 
that the electrode first breaks up into a multi-domain structure which contributes to 
the decrease in the resistance when the applied magnetic field approaches zero from a 
negative field. Micromagnetic simulations as shown in Figure 4.4 were done using 
OOMMF in order to confirm our deduction. In OOMMF, the distribution of 
magnetization at equilibrium for an applied field is determined by numerically 




-γM x Heff -
sM
γα
 M x (M x Heff)------------- (4.2) 
where γ  is the gyromagnetic ratio and α  is the dimensionless damping coefficient. 
The effective field MeH eff ∂∂−=
− /10µ , where e is the energy density.  The intrinsic 
parameters of the Ni80Fe20 electrodes were assumed to be the same as those of bulk 
Ni80Fe20 film, where Ms = 860 emu/cm
3 and A = 1.3 x 10-6 erg/cm. The cell size used 
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in the simulation was 20nm. The intrinsic uniaxial anisotropy of the bulk Ni80Fe20 
film is assumed to be negligible when compared to the shape-induced anisotropy of 
the electrodes. 
It can be seen in Figure 4.4 (b) that magnetization at the edges of the 600nm 
width electrode starts to switch at a field of  (– 90 Oe). This causes the gradual 
decrease in resistance obtained in Figure 4.3 (a) when the magnetic field approaches 
zero. At a field of + 90 Oe, the 600nm width electrode breaks up into a multi-domain 
structure as shown in Figure 4.4 (c) before its magnetization switches in Figure 4.4 

































Figure 4.4 OOMMF simulations for a rectangular element of width 600nm. (a) 
shows the magnetization for a large negative field, (b) shows the magnetization 
for a small negative field, (c) shows the magnetization for a small positive field 
and (d) shows the magnetization for a large positive field. 
 
Magnetic force microscopy (MFM) imaging was also performed on both the 
narrow and wide electrodes to substantiate our discussion on the switching process of 
the electrodes. Before the image was taken, a field of -3000 Oe (magnetic field 
pointing to the left) was applied in the plane of the sample to saturate the electrodes 
as shown in Figure 4.5 (a). The applied field was then gradually increased to + 90 Oe 





+ 90 Oe 
+ 1000 Oe 
(b) -90 Oe 
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The MFM image of the electrodes was then scanned in remanent state as shown in 
Figure 4.5 (b). It was observed that the 300nm width electrode remains as a single 
domain structure while the 600nm width electrode has become multi-domain. The 
MFM image and simulations are in good agreement with our deductions. Figure 4.5 
(c) shows the magnetic states of the electrodes when the field was increased to +3000 
Oe. It can be seen that the magnetization of the narrower electrode has switched and 
both electrodes now have parallel magnetization again.  
(a) 





Figure 4.5 MFM image of a 300nm and 600nm width Ni80Fe20 electrode at a 
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 The AMR response of the 240nm width electrode without castellations for 
Geometry 2 was also measured and the curve obtained was similar to that for the 
300nm width electrode shown in Figure 4.3 (b), with a larger switching field of 
around 330 Oe. Table 4.2 shows a summary of the switching fields which were 
obtained for electrodes of different widths.  





Table 4.2 Summary of switching fields for electrodes of different widths 
 
 
4.3.2 AMR response of  the castellated electrode 
 After understanding the switching process of the Ni80Fe20 wires and 
determining their switching fields, the AMR response of the Ni80Fe20 electrode with 
pads attached in Geometry 2 will now be presented. The castellated electrode in 
Geometry 2 consists of two large pads with widths of 3.5µm attached to a rectangular 













-1000 -500 0 500 1000
Field (Oe)
Figure 4.6 (a) shows the AMR curve obtained when a dc current of 80µA was 
used. Micromagnetic simulations of the magnetic spin states of the electrode which 
corresponds to the labeled parts of the curve in (a) when the field is applied parallel to 














































                  Chapter Four: Characterization of lateral spin valves at room temperature 
 
59 






































































Figure 4.6 (a) AMR of the castellated Ni80Fe20 electrode in Geometry 2 at room 
temperature. The probe configuration is shown in the inset. The black (blue) 
curve corresponds to the positive (negative) sweep of the external magnetic field.   
(b) Micromagnetic simulation of the spin states of a castellated structure in 
Geometry 3 corresponding to the labeled states in the (a). The current flow is 
shown only for the first spin state A. 
 
  
 From A to C in Figure 4.6 (a), the curve is smooth and continuous which 
indicates the continuous rotation of the magnetization in the two vertical pads of the 
electrode as shown in Figure 4.6 (b) states A to C. The maximum resistance of the 
electrodes occur at point C in the curve and this corresponds to the spin state C, 
where the current flowing through the electrodes shows the highest degree of co-
linearity with the magnetization compared to other states. At state C, we can observe 
that there is domain wall nucleation due to shape anisotropy at the regions circled in 
green in Figure 4.6 (b). This is because the large pads facilitate the nucleation of 
domain walls, which causes the magnetization of the horizontal segment to switch 
more easily than an electrode without pads [6].  
E 
                  Chapter Four: Characterization of lateral spin valves at room temperature 
 
61 
 As the applied field is increased to around 100 Oe at position D on the curve, 
there is a discontinuous dip observed. This is because the magnetization of the 
horizontal segment of the electrode switches as shown in state D in Figure 4.6 (b). As 
the applied field is further increased, the magnetizations of the electrodes rotate 
continuously until at point E, the magnetizations of the large pads switches to a 
direction perpendicular to the current flow as shown in state E of Figure 4.6 (b). This 
results in another dip in the resistance.  
 From the AMR response obtained for the castellated electrode, we are able to 
determine the switching field of the horizontal segment to be 100 Oe. We can also see 
that the addition of the Ni80Fe20 pads is effective in lowering the switching field of the 
wire by the injection of domain walls.    
 
4.4 Local Spin Valve Measurements 
 The local spin valve signal, which has been introduced in Chapter 2, is useful 
for devices whereby a two-terminal signal is required. Hence, in this section, we will 
study the various geometries for the local spin valve measurement.  
 There are two kinds of probe configuration for the local spin valve (LSV) 
measurements. The first type is the two-point probe configuration used by Lee et al. 
[7] and the second type is the more widely used four-point probe configuration [8-
10]. In this section, we shall present the two-point measurements for both Geometry 1 
and 2, as well as the four-point measurement for Geometry 2. We will also show that 
the spin-valve signal is caused by the spin-dependent boundary resistance between 
the Ni80Fe20 electrode and the spin diffusion line.  
                  Chapter Four: Characterization of lateral spin valves at room temperature 
 
62 
4.4.1 LSV measurements for Geometry 2 
Figure 4.7 shows the probe configurations for both kinds of LSV 
measurements for Geometry 2. The current used for both configurations is 80µA.  












Figure 4.7 (a) Two-point probe configuration for local spin valve measurement 
(b) Four-point probe configuration for local spin valve measurement. The areas 
circled in red are the areas of the Ni80Fe20 electrodes which contribute to the 
local spin valve signal. The direction of the external magnetic field applied is also 
shown.  
 
From Figure 4.7 (a), we can see that for the two-point LSV configuration, 
both the voltage and current probes are connected to the same terminals whereas for 
the four-point LSV configuration, the voltage and current probes are separated. The 
areas of the Ni80Fe20 electrodes which will contribute AMR effect to the LSV signal 
are circled in red in the schematic drawing. Hence, we would expect the two-point 
probe configuration to have a larger contribution from AMR effects than the four-
point probe configuration. The two-point and the four-point LSV responses are shown 
































   
 






















Figure 4.8 Local spin valve response at room temperature for Geometry 2 using 
the (a) two-point probe configuration and the (b) four-point probe configuration. 
The black (blue) curve corresponds to the positive (negative) sweep of the 
external magnetic field.   
 
 
 From Figure 4.8 (a), we can see that the two-point LSV response is indeed 
dominated by AMR response due to the dependence of the resistance obtained on the 
angle between the current and magnetization direction of the electrodes.  By doing a 
Two-point LSV  
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comparison with the AMR response obtained for the castellated electrode in 
Geometry 2 shown earlier in Figure 4.6 (a), we observe that both curves are similar in 
terms of the shape and the discontinuous jumps, with the exception that there is an 
additional discontinuity indicated by HC in Figure 4.8 (a).  
The value of HC is around 330 Oe, which corresponds to the switching field of 
the electrode with pads attached. Thus, by comparing the field values of the 
discontinuities with the switching fields of the individual electrodes obtained from 
their AMR responses, we are able to sketch out the magnetizations in the Ni80Fe20 
electrodes as shown in Figure 4.9 when the applied magnetic field is swept from 
negative to positive. It can be seen that at HB, the electrodes are in the anti-parallel 
state. When the field is increased to HC, the electrodes revert back to the parallel state 







Figure 4.9 Schematic diagram of the magnetization states in Geometry 2 
corresponding to the fields indicated in Figure 4.8 (a) and (b).  
  
The four-point LSV response is shown in Figure 4.8 (b). For the positive field 
sweep, we can see that there is a gradual decrease in the resistance as the field 
becomes more positive. This gradual decrease is due to AMR contributions from the 
HA HB HC 
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small part of the Ni80Fe20 electrodes under the Cu wire as indicated in the schematic 
drawing in Figure 4.7 (b). Changes in the magnetizations of these two Ni80Fe20 areas 
can produce an AMR signal which contributes to the local spin signal. This effect has 
been observed by van Staa et al. [8] and Jedema et al. [10] although our lateral spin 
valve design is different from theirs. For their design, they used electrodes with 
different widths as shown schematically in Figure 4.10 in order to engineer their 







Figure 4.10 Schematic representation of the lateral spin valve structure used by 
van Staa et al. [8] and Jedema et al. [10] 
 
From Figure 4.10, we can see that the areas of the Ni80Fe20 electrodes which 
contribute AMR effect to the LSV signal is larger for their structures compared to 
ours shown in Figure 4.7 (b). Hence, we were able to minimize the AMR 
contributions by decreasing the area of the Ni80Fe20 electrodes in contact with the spin 
diffusion line.  
As mentioned before, the signal obtained in Figure 4.8 (b) is due to the two 
small areas of the Ni80Fe20 electrodes under the spin diffusion line and hence, we can 
ignore the magnetizations of the large pads in our discussion here. The spin 
Ni80Fe20 electrode with larger width 
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accumulation signal is dependent on the magnetizations of the horizontal portions of 
the electrodes as indicated in Figure 4.9. When the magnetizations of the electrodes 
are parallel, the detected signal is high and when the magnetizations are anti-parallel, 
the detected signal is low. A detailed explanation of the spin accumulation 
phenomenon has already been given in Chapter 2.  
In order to show that the local spin valve signal is due to the boundary 
resistance of the interface between the Ni80Fe20 electrode and the spin diffusion line, 
we investigated the change in resistance using the two probe configurations shown in 
Figure 4.11 (c) and (d). We have named the interface between the spin diffusion line 
and the rectangular Ni80Fe20 electrode as Interface 1, and that between the castellated 
electrode as Interface 2. The spin diffusion line used here is copper.  
The curves obtained for the corresponding probe configurations are shown in 
Figure 4.11 (a) and (b). In both cases, we have applied a current of 80µA to the same 
set of electrodes in order to keep the charge current distribution the same for both 
configurations. The current for both configurations is injected from the Ni80Fe20 







































Figure 4.11 (a) Change in resistance as a function of external field for Interface 1 
with the probe configuration shown in (c). (b) shows the change in resistance as a 
function of external field for Interface 2 with the probe configuration shown in 
(d). The black (blue) curve corresponds to the positive (negative) sweep of the 




From Figure 4.11 (a) and (b), it can be seen that the change in resistance 
arising from Interface 1 is around 0.12 Ω while the change in resistance due to 
∆R for  
Interface 1 
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Interface 2 is around 0.04 Ω. These two values add up to give us a total of 0.16 Ω. 
Hence, we would expect the change in resistance to be around 0.16 Ω if both 
Interface 1 and Interface 2 are used in the measurement. From Figure 4.8 (b), which is 
the change in resistance when both interfaces are included, we see that the change in 
resistance is around 0.15 Ω. Hence, our results reaffirm the statement that the local 
spin valve signal is due to the boundary resistance of the interface between the 
Ni80Fe20 electrode and the spin diffusion line. This is in agreement with what Kimura 
et al. have shown [11]. It is also observed from Figure 4.11 (a) and (b) that the change 
in resistance for Interface 1 and 2 is opposite in sign but the reason for this is not 
clear.  
 
4.4.2 LSV measurements for Geometry 1 
 Local spin valve measurements were also performed for Geometry 1 but for 
this lateral spin valve geometry, we were only able to do two-point local 
measurements due to the design of the structures. A dc current of 80µA was applied 
and the change in resistance obtained is shown in Figure 4.12. The magnetization 
states of the electrodes which correspond to the various sections of the curve are also 





































Figure 4.12 Local spin valve signal for Geometry 1 where H1 corresponds to the  
switching field of the wider electrode and H2 corresponds to the switching field 
of the narrower electrode. The magnetization states of the electrodes 
corresponding to the respective portions of the curve are shown in the red boxes. 
The black (blue) curve corresponds to the positive (negative) sweep of the 
external magnetic field.   
 
It can be observed that there are two sharp switchings for this graph at fields 
of H1 and H2. H1 is approximately 90 Oe which corresponds to the field at which the 
magnetization of the wider electrode switches while H2 is approximately 200 Oe 
which is similar to the switching field of the narrower electrode. From Figure 4.12, 
we can see that when the field is swept from negative to positive, there is a gradual 
decrease in the output voltage before the sharp switching at H1. This can be attributed 
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The change in resistance observed in Figure 4.12 is around 0.045 Ω. This is 
much smaller than the change in resistance of 0.15 Ω obtained for the four-point LSV 
signal of Geometry 2 shown earlier in Figure 4.7 (b). This is due to a difference in the 
contact area between the spin diffusion line and the Ni80Fe20 electrodes. In Geometry 
1, the electrodes have widths of 300nm and 600nm whereas in Geometry 2, the 
widths of the electrodes are 220nm for the areas in contact with the spin diffusion line 
as illustrated in Figure 4.13. Thus, we can see that a larger contact area decreases the 
spin injection efficiency which in turns causes the change in resistance to be smaller. 
This observation is in agreement with the observations by Kimura et al. [12] where 






          Geometry 1    Geometry 2 
Figure 4.13 Schematic diagram showing the widths of the electrodes in contact 
with the spin diffusion line for Geometry 1 and 2.  
 
4.5 Non-local Spin Valve Measurements 
 In order to remove spurious effects like the spin Hall effect and the AMR 
effect from the spin accumulation signal, the non-local configuration was used. For 
our non-local spin valve (NLSV) measurements, we used a dc current of 80 µA and a 
nanovoltmeter was used to detect the voltage changes. Figure 4.14 shows the NLSV 
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probe configuration for Geometry 1. The wider Ni80Fe20 electrode acts as the injector 













Figure 4.14 Non-local spin valve probe configuration for Geometry 1 
  
4.5.1 NLSV measurement for Geometry 1 
 Figure 4.15 shows the NLSV signal obtained for a Geometry 1 Ni80Fe20/Al/ 
Ni80Fe20 lateral spin valve with a separation of 240nm between the injector and 
detector. The widths of the electrodes were 150nm and 700nm so that the field range 













Spin diffusion line 































Figure 4.15 Resistance change at room temperature as a function of applied 
magnetic field for a Ni80Fe20/Al/ Ni80Fe20 lateral spin valve with a separation of 
240nm between the electrodes. The black (blue) curve corresponds to the 
positive (negative) sweep of the external magnetic field.  
  
From the NLSV signal shown in Figure 4.15, we observed that the AMR 
contributions from the electrodes have been effectively removed. This is because for 
the non-local geometry, the current and voltage probes are separated and hence the 
magnetoresistance change of the injector will not influence the current that is passed 
through it and similarly, since no current flows through the detector, the 
magnetoresistance change of the detector will not affect the voltage measured. 
Therefore, the changes in the detected voltage are due to spin accumulation in the Al 
wire. A parallel magnetization of the two electrodes results in high resistance whereas 
an anti-parallel magnetization results in low resistance.  
 Various groups such as van Staa et al. [13], Caballero et al. [14], and Jedema 
et al. [10] have worked on lateral spin valves using aluminum as the spin diffusion 
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medium. However, only Jedema et al. was able to obtain the NLSV signal. The 
magnitude of their spin valve signal is around 0.13 mΩ at room temperature for an 
electrode separation of 250nm. Our separation is 240nm, which is comparable to 
theirs. However, the magnitude of our obtained spin valve signal at room temperature 
is around 0.02 Ω as seen from Figure 4.15. This could be due to several reasons. 
Firstly, our lateral spin valve designs are different. Secondly, the thickness of the 
aluminum lines is also different. In our case, we used a 80nm thick Al line whereas 
they used a 50nm thick line. A thinner line could result in more surface scattering 
which would decrease the spin injection efficiency. Hence, all the above reasons 
enabled us to obtain a larger NLSV signal at room temperature for lateral spin valves 
using Al as spin diffusion medium.  
 
4.5.2 NLSV measurement for Geometry 2 
 Non-local measurements were also carried out for Geometry 2 with Cu as the 
spin accumulation medium. For this geometry, the electrode with pads is used as the 




















Figure 4.16 Non-local spin valve probe configuration for Geometry 2. Icross (red 
arrows) represents the current flow for the non-local cross configuration 
whereas Ihalf (blue arrows) represents the current flow for the non-local half 
configuration.  
 
 In Figure 4.16, the two different kinds of probe configurations for the NLSV 
measurement are shown. This is not possible for Geometry 1 as there are only four 
terminals for that spin valve design.  
 Figure 4.17 (a) and (b) shows the NLSV signal obtained for the ‘half’ and the 
‘cross’ probe configuration using copper as the spin diffusion medium. The 

















































Figure 4.17 Resistance change as a function of the external magnetic field 
measured in the (a) non-local “half” configuration and the (b) non-local “cross” 
configuration at room temperature. The black (blue) curve corresponds to the 
positive (negative) sweep of the external magnetic field.   
 
  
From Figures 4.17 (a) and (b), it can be seen that the resistance change for the 
‘cross’ is slightly smaller than that of the ‘half’ configuration. This is because of the 
inhomogeneity of the spin current at the interface between the Ni80Fe20 electrodes and 




Change in R ≈ 1.0mΩ 
Change in R ≈ 1.1mΩ 
(a) 
(b) 





















Figure 4.18 Schematic diagram showing spatial distribution of the spin current 
(blue arrows) and the effective distance traveled by the polarized electrons 
(dotted red arrows). The length of the blue arrows corresponds to the magnitude 
of the spin current.  
 
 The effective distance between the two Ni80Fe20 electrodes is shorter for the 
‘half’ compared to that for the ‘cross’ as shown using the red dotted arrows in Figure 
4.18. From the diagram, we can see that almost all the spin-polarized current is 
injected into the top left hand edge of the detector. Hence, a smaller signal is expected 
for the ‘cross’ configuration.  This was also observed by Kimura et al. [11]. From our 
measurements shown in Figure 4.17, the difference between the ‘half’ and the ‘cross’ 
signal is 0.1 mΩ while Kimura et al. obtained a difference of 0.46 mΩ. Our spin 
valve design and the electrode separation are similar. However, the width of the spin 
diffusion line is different. Kimura et al. used a width of 500nm whereas the width of 








Voltage probe for ‘half’ Voltage probe for ‘cross’ 
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electrons for the ‘cross’ configuration is around 530nm, compared to an effective 
distance of around 270nm for our device. Thus, they were able to observe a larger 
difference between the ‘half’ and the ‘cross’ signal since the difference between their 
effective distance for the ‘half’ and ‘cross’ is larger i.e. 170nm for ‘half’ and 530nm 
for ‘cross’.    
 From the LSV and NLSV measurements in Figure 4.8 (b) and Figure 4.17 (a) 
respectively, we can see that the resistance change of around 0.15Ω for the local 
configuration is much larger than the resistance change of around 0.001Ω for the non-
local configuration. According to the one-dimensional spin diffusion model, Jedema 
et al. [10] proposed that the magnitude of a spin valve signal measured using the local 
geometry is larger than the signal measured using the non-local geometry by a factor 
of 2. However, for our measurements, the local signal is larger than the non-local 
signal by more than a hundred times. This discrepancy could be due to several 
reasons.  
 Firstly, the spatial distributions of the spin current between both geometries 
are different for our structures and for the structures by Jedema et al. Secondly, they 
identified six regions in their spin valve structure to be solved according to their 
boundary conditions. However, for our structures, there is the presence of a thin layer 
of oxide at the Ni80Fe20/Cu interface. This layer of oxide acts as a tunnel barrier and 
may prevent injected electrons from escaping back into the Ni80Fe20 electrode. Hence, 
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4.5.3 Investigation of the spin relaxation length and injection polarization in  
copper 
  
 In order to investigate the spin relaxation length of copper at room 
temperature, electrodes with different separations were fabricated and the non-local 
‘half’ signal was measured for each of the separation. Figure 4.19 shows the plot of 
∆R as a function of the electrode separation where ∆R = Rparallel – Rantiparallel. It can be 
seen that as the separation between the electrodes increase, the ∆R signal decreases. 
This is because as the distances traveled by the spins are increased, there is an 













Figure 4.19 Dependence of ∆R on the separation between the two Ni80Fe20 
electrodes measured in the non-local ‘half’ configuration for Ni80Fe20/Cu/ 
Ni80Fe20 lateral spin valves at room temperature. The red curve represents the 
best fit based on Equation 4.3.  







Electrode Separation (nm) 
                  Chapter Four: Characterization of lateral spin valves at room temperature 
 
79 
Assuming that the injection polarization at both the injector and detector are 







PR −=∆ ---------------(4.3) 
where P is the spin polarization of the current, λ is the spin relaxation length, ρ is the 
resistivity of the metal, L is the edge-to-edge separation between the injector and 
detector and A is the cross-sectional area of the spin diffusion line. This equation 
takes into account the presence of an oxide layer which acts as a tunnel barrier.  From 
Equation 4.3, we are able to use algebraic manipulation to obtain Equation 4.3 (a) 
from which we are able to plot a linear graph of log (∆R) against electrode separation. 
λρλ LAPR −−=∆ log)log()log( 2 -------(4.3a) 
We are able to get the spin relaxation length from the slope of the graph and the spin 
injection polarization from the y-intercept.  
The resistances of the individual Cu and Ni80Fe20 lines were measured at room 
temperature and they were found to be 180 Ω and 350 Ω, respectively. The 
conductivities of Cu and Ni80Fe20 were thus calculated to be: σCu = 2.4 x 10
7 Ω-1m-1 
and σPy = 9.5 x 10
6 Ω-1m-1. We note that our conductivities are comparable to those 
obtained by Jedema et al. [10] at room temperature. The resistances of our tunnel 
barriers were typically measured to be around 1000 Ω at room temperature.  
The spin diffusion length of copper at 300 K was found to be 550nm and the 
injection polarization from Ni80Fe20 into Cu was 1.4%. The spin diffusion length 
found is much higher than that of Yi et al. [16] and Jedema et al. [10] but is 
comparable to the value obtained by Kimura et al. [11].This could be due to the high 
purity of copper used for our devices. In addition, our copper source was allowed to 
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evaporate for some time before opening the shutter to ensure low amounts of 
impurities on the surface of the copper being deposited as the device. The relatively 
long spin relaxation length in our copper lines opens up possibilities of more complex 
devices and also of new pathways for studying novel spin-dependent transport effects 
such as spin-torque transfer and spin Hall effects.  
Our injection polarization of 1.4% is lower than that obtained by Jedema et al 
[15]. This is because we defined our electrode separation as the edge-to-edge 
separation. This does not affect the calculation of the spin diffusion length but it does 
affect the injection polarization calculation. If we define our electrode separation as 
the centre-to-centre separation, we are able to get a larger spin injection polarization 
than 1.4%.  
 
4.6 Summary 
 The performance of two different kinds of lateral spin valve geometries in 
terms of their switching characteristics as well as spin injection and detection has 
been studied at room temperature. We found that Geometry 2, which consists of a 
castellated electrode and a non-castellated electrode, is highly suitable for lateral spin 
valve studies as it offers a total of six probe terminals which allows us to study the 
geometrical effect of the probe configuration on spin accumulation.  
We have demonstrated that the non-local spin valve measurement effectively 
removes the AMR effect from the spin signal. A comparison between the non-local 
‘cross’ and ‘half’ configuration was done where it was seen that the ‘half’ gave a 
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larger spin signal compared to the ‘cross’ due to a smaller effective distance traveled 
by the electrons.  
By measuring the non-local spin signal for electrodes with different 
separations, we were able to find the spin relaxation length in copper to be 550nm at 
room temperature which is longer than what some groups have obtained. The spin 
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 In order to reduce thermal effects which decrease the spin relaxation length, 
low temperature characterization of our lateral spin valves were performed. Spin 
valve measurements were performed at various temperatures where phonon scattering 
is greatly suppressed and the scattering experienced by electrons will be mainly by 
magnetic impurities [1].  
 Both the local and non-local spin valve measurements were performed on our 
lateral spin valve devices in order to investigate the dependence of the spin valve 
signal as well as the switching fields of the spin valves on temperature. The 
temperature dependence of the spin signal for the non-local ‘half’ and ‘cross’ 
configurations was also investigated.   
 Lateral spin valve devices with different electrode separations were used to 
find the spin relaxation lengths of copper and aluminum at low temperatures. We 
were able to obtain a long spin relaxation of 2 µm for copper at 20 K as well as a spin 
relaxation length of 300 nm for aluminum.  
The spin injection polarization of our lateral spin valve devices at 20 K was 
also determined and we found that our tunnel barrier gave a higher spin injection 
polarization of 8.1 % into aluminum compared to copper, which is only 1.7%.   
 
 
                     Chapter Five: Characterization of lateral spin valves at low temperature 
 
85 
5.2 Local Spin Valve Measurements 
 For all the low temperature measurements, the geometry consisting of an 
electrode with domain-wall injection pads as shown in Figure 5.1 will be used as it 
shows clear switching characteristics at room temperature and allows us to have more 
freedom in terms of probe configuration. In order to compare the local spin valve 
(LSV) signal for two-point and four-point configurations at low temperature, lateral 










Figure 5.1 SEM image of lateral spin valve structure used for low temperature 
measurements. The probe configurations for both the two-point probes and the 
four-point probes are shown.  
 
5.2.1 Four-point and two-point local spin valve measurement 
Figure 5.2 (a) shows the curve for the two-point probe measurement and (b) 
shows the curve for the four-point probe measurement at 10 K. A dc current of 80 µA 














































Figure 5.2 Local spin valve response at T = 10 K using the (a) two-point probe 
configuration and the (b) four-point probe configuration. The black (blue) curve 
corresponds to the positive (negative) sweep of the external magnetic field.   
 
 From Figure 5.2 (a) and (b), we can see that sharp transitions are observed for 
the four-point LSV response whereas the two-point LSV curve shows gradual 
increases or decreases in the resistance. Hence, the two-point LSV configuration is 
dominated by AMR responses whereas the four-point LSV configuration is able to 
(a) 
(b) 
Two-point LSV for 
T = 10 K 
Four-point LSV for 
T = 10 K 
∆RTwo-point 
∆RFour-point 
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effectively reduce these AMR contributions. The difference in the resistance when the 
magnetizations of the electrodes are in the parallel and anti-parallel states is 
represented by ∆R. ∆RTwo-point is approximately 47.4 mΩ and ∆RFour-point is 
approximately 32.4 mΩ. The magnitude of ∆RTwo-point is larger than ∆RFour-point 
because of the larger AMR contributions to the signal.  
Figure 5.3 shows the temperature dependence of ∆R for both the two-point 














Figure 5.3 Plot of ∆R as a function of temperature for the two-point LSV 
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 From Figure 5.3, we can see that the ∆R signal increases more when the 
temperature is decreased for the four-point configuration compared to the two-point 
configuration. This is because the area which contributes to the spin valve signal for 
the two-point configuration is larger. Hence, the amount of impurity scattering will 
also be larger since the chances of the electron colliding with an impurity is now 
higher. Thus, although at low temperatures there is a decrease in spin scattering by 
phonons, the scattering by impurities is still significant and hence, the spin signal 
does not increase by as much compared to the four-point configuration.  
 
5.3 Non-local Spin Valve Measurements 
 In this section, the temperature dependence of the non-local spin valve 
(NLSV) signal in terms of the probe configuration and the spin diffusion medium 
used will be discussed. The temperature dependence of the switching field of the 
electrodes and the asymmetry due to the oxide layer will also be studied. Lastly, the 
spin relaxation lengths of copper and aluminum as well as the respective spin 
injection polarization will be presented.  
 
5.3.1 Non-local Spin Valve measurements for different configurations  
 As discussed in Chapter 4, there are two kinds of probe configurations 
employed for our NLSV studies: the ‘cross’ and the ‘half’. To study the dependence 
of the probe configuration on temperature, we used copper as our spin diffusion 
medium with a fixed electrode separation of 280nm.  
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Figure 5.4 (a) and (b) shows the non-local spin signal obtained for the ‘half’ 
and ‘cross’ probe configuration at 5 K. We can see clear switching in the signal 
obtained due to removal of the magnetoresistance effect of the Ni80Fe20 electrodes. 
The switching fields of the injector and detector are fairly close and hence this results 
in a narrower dip as observed in Figure 5.4.  
We can also see that the change in resistance between the parallel and anti-
parallel states (∆R) of the magnetizations has greatly increased at low temperature 
compared to at room temperature. For the room temperature ‘half’ configuration, we 
obtained a ∆R of around 1.1 mΩ whereas at low temperature, we obtained a ∆R of 
around 2.71 mΩ as shown in Figure 5.4 (a), which is almost 2.5 times the ∆R 
obtained at room temperature. This magnitude of increase is consistent with what Ku 





























































Figure 5.4 Non-local magnetoresistance response at T = 5 K for the (a) ‘half’ 
probe configuration and the (b) ‘cross’ probe configuration. The black (blue) 
curve corresponds to a positive (negative) sweep of the external magnetic field.  
 
 
 The magnitude of ∆Rcross in Figure 5.4 (b) is around 2.26 mΩ. We can see that 
the difference in the change in resistance signal between the ‘half’ and ‘cross’ is 0.45 
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the difference was only 0.1 mΩ. This is because at low temperatures, due to the 
decrease in phonon scattering, the difference between the ∆R signal for the ‘half’ and 
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Figure 5.5 Plot of ∆R as a function of temperature for the NLSV ‘half’ 
configuration (red curve) and the NLSV ‘cross’ (blue curve).  
 
 The dependence of ∆Rhalf and ∆Rcross on temperature is shown in Figure 5.5. 
From the plot, we can see that as the temperature decreases, ∆Rhalf increases 
monotonically whereas ∆Rcross increases at an exponential rate.  
 
5.3.2 Temperature dependence of asymmetry in switching fields 
 From Figure 5.4 (a), it can be observed that there is asymmetric switching 
about the zero magnetic field. This may be due to a thin layer of antiferromagnetic 
oxide on the Ni80Fe20 electrodes formed before the deposition of the spin diffusion 
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medium due to the oxidation of Ni80Fe20 in air, resulting in a cross section as shown 








Figure 5.6 Schematic diagram of the interface between the Ni80Fe20 electrode and 
the spin diffusion line. The diagram is not drawn to scale for clarity.  
 
 In order to determine the type of oxide present at the interface, the asymmetric 
shift in the switching fields of the lateral spin valves was studied. This shift in the 
switching fields for the positive and negative sweep of the applied magnetic field is 




CAE HHH +=  --------------------------(5.1) 
where HA is the first switching field for the positive field sweep and HC is the first 
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Figure 5.7 Plot of HE as a function of temperature 
 
 Figure 5.7 shows the dependence of HE on temperature and it can be seen that 
as temperature increases, HE decreases and gradually approaches zero. We can see 
that upon increasing the temperature beyond around 40 K, there is a marked decrease 
in HE.  As mentioned earlier, the antiferromagnetic pinning oxide may be NiO or 
FeO. The Néel temperatures of NiO and FeO are 523 K and 198 K, respectively, and 
hence it is likely that the oxide present on the surface of the electrodes is FeO. It has 
also been established by other groups that the oxide formed on Ni80Fe20 surface is 
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5.3.3 Spin relaxation length and spin injection polarization in copper and 
aluminum 
 
 Non-local ‘half’ spin valve measurements were performed on lateral spin 
valves with different separations between the Ni80Fe20 electrodes for both types of 
spin diffusion medium. Figure 5.8 (a) and (b) shows the relationship between the 
change in resistance obtained and the separation between the Ni80Fe20 injector and 
detector at a temperature of 20 K for lateral spin valves with copper and aluminum as 
the spin diffusion medium respectively. The current applied was 80µA and our 
separation between the electrodes is defined as the edge-to-edge separation between 
















































Figure 5.8 Dependence of the spin valve signal, ∆R, on the electrode spacing at a 
temperature of 20 K for lateral spin valves with (a) copper and (b) aluminum as 
spin diffusion medium.  
  
From Figure 5.8, we can see that as the separation between the injector and 
detector is increased, the spin accumulation signal, which is represented by the 
change in the resistance, decreases. The size of our metallic structures in this work is 




spin diffusion medium 
Aluminum as 
spin diffusion medium 
                     Chapter Five: Characterization of lateral spin valves at low temperature 
 
96 
applicable to our devices is the diffusive regime [1]. Thus, since our metal used is 
diffusive, the travel time of the spin between the injector and detector is not unique. 
In addition, electrons which travel a further distance will have a larger probability of 
being scattered and losing their spin information.   
The spin relaxation length is a measure of how far an electron can travel in a 
diffusive conductor before its initially known spin direction is randomized [1]. To 
determine the value of the spin relaxation length in copper and aluminum for our 








PR −=∆ -----------(5.2) 
where P is the spin polarization of the current, λ is the spin relaxation length, ρ is the 
resistivity of the metal and A is the cross-sectional area of the spin diffusion line. This 
equation takes into account the presence of an oxide layer which acts as a tunnel 
barrier. 
 The resistances of the individual Py, Cu and Al lines were measured at 20 K 
and they were found to be around 310Ω, 80Ω and 74Ω, respectively. The 
conductivities of each metal were thus calculated to be: σPy = 1.08 x 10
7 Ω-1m-1,     
σCu = 5.41 x 10
7 Ω-1m-1 and σAl = 5.85 x 10
7 Ω-1m-1 at 20 K. Our conductivities are 
slightly lower than those obtained by Jedema at al. and this is because their 
conductivities were measured at a temperature of 4.2 K [1].  
From the best fits based on Equation 5.2, we obtain a spin relaxation length of 
2µm for copper and a spin polarization of 1.7 %. Our spin relaxation length is much 
longer than the 1µm obtained by Jedema et al. [1] and the 200nm obtained by Yi et al. 
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[8]. Yi et al. attributed their shorter relaxation length to the possible presence of 
magnetic impurities in their copper line which might induce spin flip scattering.  
Various other groups working on aluminum as the spin diffusion medium for 
lateral spin valve structures have faced metallurgical problems during their 
fabrication and were unable to obtain any spin valve signal in their aluminum lateral 
spin valves [6, 7]. However, we were able to obtain a clear spin valve signal for the 
non-local configuration. The spin relaxation length obtained for our aluminum 
structures at 20 K was 303nm. 
This is much lower than the 1.2µm obtained by Jedema et al. [1] at 4.2 K. In 
order to find out why the spin relaxation length was much shorter, the lateral spin 
valves were examined using the scanning electron microscope (SEM) and the image 
of our structure is shown in Figure 5.9 (a). Figure 5.9 (b) shows the lateral spin valve 
structure of Jedema et al. and we can see from the two SEM images that our 
aluminum line has a much coarser and grainier structure than theirs. The large grain 
boundaries in the Al line could cause spin flip scattering which would lower the spin 










































Figure 5.9 (a) SEM image of our lateral spin valve with aluminum as the spin 
diffusion line (b) SEM image of the spin valve fabricated by Jedema et al. [1]  
  
The spin polarization of our aluminum was found to be 8.1 %. This is much 
larger than the 1.7 % obtained for copper and this is probably due to a larger band 
mismatch at the interface between the tunnel barrier oxide and copper compared with 
that of aluminum. Our value for spin polarization in Al is comparable to the 
polarization obtained by Costache et al. [8]. However, it is lower than the 11 ± 2% 
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barrier thickness as well as the type of tunnel barrier used. Valenzuela et al. [9] found 
out that the spin polarization increases when the thickness of the tunnel barrier is 
increased. For the device used by Jedema et al., the tunnel barrier used was Al2O3 
compared to FeO for our devices.  
 
5.4 Conclusion 
 Local measurements were performed for our lateral spin valve devices and the 
change in resistance signal was found to increase more for the four-point 
measurement compared to the two-point measurement when the temperature was 
decreased.  
 Non-local measurements were also performed and as the temperature 
decreases, the spin valve signal increases due to a reduction in phonon scattering. 
Non-local ‘half’ and non-local ‘cross’ measurements were taken and it was found that 
∆Rhalf increases monotonically whereas ∆Rcross increases at an exponential rate when 
the temperature is decreased.  
 The antiferromagnetic oxide tunnel barrier in our lateral spin valves was likely 
to be FeO due to the asymmetric switching field about the origin which disappeared 
above 40 K.  
   By measuring the non-local spin signal for electrodes with different 
separations, we were able to find the spin relaxation lengths in copper and aluminum 
to be 2000nm and 303nm, respectively, at 20 K. The spin injection polarization of our 
lateral spin valves was also found to be 1.7 % for copper and 8.1 % for aluminum.   
   




[1] F. J. Jedema, M. S. Nijboer, A. T. Filip and B. J. van Wees, Phys. Rev. B, 67, 
085319 (2003) 
[2] J. Ku, J. Chang, S. Han, J. Ha and J. Eom, J. Appl. Phys., 88, 08H705 (2006) 
[3] M. K. Husain, A. O. Adeyeye, C. C. Wang, V. Ng and T. S. Low, J. Magn. 
Magn. Mater., 267, 191 (2003) 
[4] K. O’Grady, S. J. Greaves and S. M. Thompson, J. Magn. Magn. Mater., 156, 
253 (1996) 
[5] F. J. Jedema, H. B. Heersche, A. T. Filip, J. J. A. Baselmans and B. J. van 
Wees, Nature (London), 416, 713 (2002) 
[6] J.A. Caballero, C.E. Moreau, W. P. Pratt, Jr. and N. O. Birge, IEEE. Trans. 
Magn, 37, 2111 (2001) 
[7] A. van Staa, M.S. Johnas, U. Merkt and G. Meier, Superlattices and 
Microstructures, 37, 349 (2005) 
[8] M. V. Costache, M. Zaffalon and B. J. van Wees, Phys. Rev. B, 74, 012412 
(2006) 











CONCLUSION AND OUTLOOK 
 
6.1 Conclusion 
 In the course of this study, nanometer-scale lateral spin valves were 
successfully fabricated using multi-level lithography. The many lithography and 
deposition steps made the preparation of lateral spin valves with interfaces of 
sufficiently high quality challenging. However, we were able to consistently fabricate 
devices of high quality by fine tuning our deposition and lithography processes. 
Careful handling of the devices was also crucial to ensure that our devices are free of 
particulate defects.  
  Different types of geometries for the lateral spin valve were investigated and 
we were able to come up with an optimum geometry which showed good switching 
characteristics and good injection efficiency. The switching processes of the 
individual electrodes for each geometry were studied by performing AMR 
measurements and our deductions were confirmed using MFM and micromagnetic 
simulations.  
 The geometrical effect of the probe configurations on the spin accumulation 
signal was also studied at both room temperature and low temperatures in order to 
further our understanding on the spatial spin distribution. From the various probe 
configurations investigated, we found that the non-local ‘half’ configuration yielded 
the largest spin accumulation signal which did not consist of any AMR effect.  
 In order to study the spin relaxation lengths in copper and aluminum, the non-
local spin valve signal of electrodes with different separations were measured at both 




room temperature and low temperatures for lateral spin valves using copper and 
aluminum as the spin diffusion line respectively.  
For our lateral spin valve structures, we observed a high spin injection 
polarization of 8.1 % when aluminum was used as the spin diffusion medium. This is 
due to the presence of an oxide layer which acts as a tunnel barrier and serves to 
increase the spin injection efficiency. By observing the asymmetric shift in the 
switching fields of the electrodes at low temperatures, we deduced that the oxide 
layer is most likely FeO.   
The spin relaxation length of copper was found to be 550 nm at room 
temperature and 2 µm at 20 K. These values indicate that our copper lines are suitable 
for integration into more complex devices due to the relatively long time in which the 
electron retains its spin information and is a key milestone towards more complex 
lateral spin-transport structures.  
   
6.2 Future Work 
 In this thesis, we optimized the lateral spin valve structure and the fabrication 
procedures and were able to investigate lateral spin valves using copper and 
aluminum as the spin diffusion medium. Our copper structures showed long spin 
relaxation lengths and this could be further exploited in devices such as the spin 
transistor [1] and the spin battery [2].  
 Spin injection and accumulation in other materials can also be studied using 
the lateral spin valve structure which we studied. Carbon nanotube is an interesting 




choice as the spin diffusion medium because it is a ballistic conductor and its the spin 
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